ABSTRACT: Scoliosis progression in skeletally immature patients depends on remaining growth. Relationships between vertebral growth plate histomorphometry, growth rates, and mechanical stresses have been reported in several animal studies. Hypertrophic zone heights and chondrocyte heights have been used to assess treatments that aim to modulate growth. The purpose of this study was to determine whether human vertebral physeal hypertrophic zone and cell heights differed between two groups: Severe scoliosis and autopsy controls. Severity was defined at time of surgical planning by curve magnitude and curve stiffness. Physeal samples were obtained from the convex side apex, and from the concave side when feasible. Histologic sections were prepared, and digital images were used to measure hypertrophic zone height, cell height, and cell width. Thirteen spinal deformity patients were included, mean curve magnitude 67˚(AE23). Etiologies were juvenile and adolescent idiopathic, congenital, neurofibromatosis, neuromuscular, and Marfan syndrome. Five agematched autopsy specimens without scoliosis served as controls. Results were presented by etiology, then all convex scoliosis specimens were combined and compared to controls. Zone heights for scoliosis, convex side, and controls were 152 mm (AE34) and 180 mm (AE42) (p ¼ 0.21), cell heights 8.5 mm (AE1.1) and 12.8 mm (AE1.2) (p < 0.0005), and cell widths 14.9 mm (AE1.5) and 15.0 mm (AE2.5), respectively. Human values were compared to published animal models and to a quantitative theory of a stress ̶ growth curve. This quantification of vertebral physeal structures in scoliosis may be expected to help assess theories of progression and potential treatments using growth modulation. ß
Scoliosis in skeletally immature patients affects the mechanics of the spine and vertebral growth plates, which in turn affect curve progression and physeal structure. Spinal deformities involve increasing asymmetries in disc heights and vertebral bodies, 1,2 presumably with similar changes to the vertebral growth plates. Physeal structure has been correlated in published animal models with both growth rate and load magnitude in long bones and in vertebrae. Particularly strong correlations were found with the heights of hypertrophic zone and chondrocytes in the longitudinal direction, the direction of growth and of axial compressive stresses. [3] [4] [5] [6] [7] [8] [9] [10] [11] Spatial gradients in hypertrophic zone and cell height were used to assess the potential of spine growth modulation methods, 12 which led to a clinical study. 13 The possibility of innovative treatments based on asymmetric modulation of vertebral body growth depends in part on the type and severity of structural and functional changes to the physes due to the disease. Growth plate structural changes may help differentiate between theories of scoliosis progression. Most importantly, definitive understanding of human scoliosis must be obtained from humans because comparable non-human animal models do not exist.
Human vertebral growth plate histology has been described in normal controls, [14] [15] [16] [17] [18] [19] kyphosis, 19, 20 and scoliosis. 18, [21] [22] [23] [24] [25] [26] Studies of normal human anatomy reported that vertebrae grow much like the diaphyses of long bones, with characteristic columnar cartilage of epiphyseal plates 16, 17 consisting of short columns of chondrocytes separated by thick longitudinal septae. Both coronal and sagittal sections showed similar structural development. 6 Similarities were noted in the ossification process between growth cartilages of the iliac crest, vertebrae, long bones, short bones, and the junction of articular cartilage with epiphyseal bone. 14 The height of vertebral growth plates in adolescents were lower than newborns. 15 In juvenile kyphosis, the vertebral growth plate was reported as very thin or missing in some areas, while in other areas, thicker than normal due to an enlarged hypertrophic zone. 19, 20 In tissues from scoliosis patients, investigators reported a "lack of organization and uniformity" in cell columns, 18 with deficiencies on both the convex and concave sides of the curve near the apex. 22 In idiopathic scoliosis, correlations were reported between the histologic grade of the proliferative zone and Risser grade, 21 and between histologic grade and patient factors including digital skeletal stage. 23 Differences between concave and convex sides, and between the apical and end vertebrae, in zonal architecture, proliferative potential and apoptotic indices, and amounts of collagen X, Runx2 protein, and Runx2 mRNA were reported. 24, 25 Differences between the growth plates at the anterior aspect of the vertebral body and at the posterior spinous process in proliferative, hypertrophic, and apoptotic chondrocytes were found in adolescent idiopathic scoliosis but not congenital scoliosis. 26 In preliminary studies for the present series, physeal hypertrophic zone and cell heights in scoliosis patients have been reported. 27, 28 However, no study has quantified hypertrophic zone or cell dimensions from vertebral body physes from scoliosis patients with differing etiologies compared with similarly aged controls without spine deformity.
Therefore, the primary purpose of this study was to test the null hypothesis that hypertrophic zone heights and hypertrophic cell heights of human vertebral body physes from patients with severe scoliosis were equal to those from age-matched controls. Cell widths were measured and cell density was calculated. Descriptive statistics were determined for available concave-convex side pairs. Relationships between physeal parameters and curve magnitude, age, and gender were examined. Results were compared to published animal models of spine growth modulation and to a speculative quantitative theory of a stress-growth curve, that is, HueterVolkmann principle, as well as discussed in the context of other theories of scoliosis progression.
MATERIALS AND METHODS
Vertebral growth plate specimens were obtained from scoliosis patients at time of surgery (IRB approved; Level III, case control study). Inclusion criteria were curve characteristics that, at the time of tissue acquisition, were indications for anterior discectomy to increase curve flexibility prior to instrumented fusion. Severity was determined by the surgeon solely for the purpose of treatment decisions. Specific criteria depended on underlying etiology, and included large curve magnitude (Fig. 1) , high curve resistance to side bending, and/or anterior congenital malformation. The surgical approach was anterior, and samples were taken from the apex on the convex side, which is the side most easily accessible to the surgeon. Samples were also taken from the concave side when feasible.
Immediately after excision, surgical specimens were placed in 10% neutral buffered formalin (Richard-Allan Scientific, Kalamazoo, MI). Specimen tissue blocks were cut in the coronal plane perpendicular to the growth plate, parallel to the longitudinal axis of the spine. After complete fixation, specimens were decalcified (Decalcifier II; Surgipath Medical, Richmond, IL) in >20 times the volume of the specimen, embedded in paraffin, sectioned at a thickness of 4 mm, and stained with hematoxylin and eosin (H&E).
Controls were collected from autopsy files of a pediatric pathology department. Inclusion criteria were juvenile to adolescent age and recorded diagnosis that was not related to spinal deformity. All control autopsy slides were from patients whose disease resulted in death in the hospital. Autopsy vertebrae had been previously processed histologically as described for the surgical specimens. Although precise details were not dictated at autopsy, based on discussions with attendant pathologists, vertebrae were sampled from near the thoracolumbar junction and were predominantly lumbar sagittal sections.
Exclusion criteria for histologic samples were lack of discernable growth plate in the slide due to sample location or patient vertebral bone age beyond maturity, or severe section artifacts. Slides that contained a segment of growth plate !1 mm in length were digitized using a microscopy scanner, resolution 0.25 mm/pixel (Aperio XT, Leica Biosystems Inc.). Hypertrophic zone height (h z ) and hypertrophic cell height (h c ) and width (w c ) (Fig. 2) were measured (Aperio ImageScope v. 12.3.2.8013) at one physis per patient. Each patient's slide was chosen based on the amount of growth plate present and the slide quality.
The hypertrophic zone was defined as the area in which relatively large chondrocytes occurred in clusters, with cells at least roughly organized into columns. The height of the hypertrophic zone was defined as the distance from the edge of the hypertrophic cell closest to the disc to the edge of the cell closest to bone. After digital images of the slides were acquired, they were viewed with system resolution set to 0.25 mm/pixel for cell measurements and 1.0 mm/pixel for zone measurements. Zone heights were sampled at intervals of about 150 mm for surgical specimens, and 250 mm for controls, with the surgical sections sampled at closer intervals due to their smaller size and less regular condition. Measurements were taken orthogonal to the disc and bony growth plate boundaries. Cell heights were aligned with the local zone height direction. The width of each cell was defined as the greatest distance orthogonal to cell height. All cells with clearly visible boundaries and nucleus were measured, regardless of size. Depending on specimen, this included approximately 50-75% of the total number of hypertrophic cells located in columns in both groups. Cell density was defined as the number of cells measured divided by the area of the hypertrophic zone. The area of the hypertrophic zone was calculated as the mean height of the The choice of cells and definition of hypertrophic height were somewhat subjective due to the irregularity of the structures. Therefore, most of the measurements were repeated by three individuals. In preliminary measurements, the digital image acquisition and analysis methods were different than those used for the second two sets. The final measurements, reported here, were performed for all samples in both groups by the same investigator over a short time frame.
For primary hypotheses, statistical differences were determined between the scoliosis group, convex curve side, and the control group using the Wilcoxon rank sum test, exact for small sample sizes (SAS 9.3, Cary NC), for the two main comparisons, zone height and cell height (a ¼ 0.05). Descriptive statistics were reported for the small subgroup with samples from both convex and concave sides. In the scoliosis group, effects of curve magnitude and age were examined using correlation, and the effects of gender by the Wilcoxon rank sum test. Descriptive statistics were calculated as group means (AEsample standard deviation).
RESULTS
For spinal deformity cases, from a total of 33 collected, at least one slide from 13 subjects exhibited at least one segment of sufficient physeal length and quality. Etiologies were juvenile or adolescent idiopathic (J/AIS, n ¼ 5), congenital (CS, n ¼ 3) (Table 1) , neurofibromatosis (NF, n ¼ 3), neuromuscular (NM, n ¼ 1), and Marfan syndrome (MRF, n ¼ 1) ( Table 2) (Fig. 3A -E). Curve locations were thoracic (9), lumbar (2), and thoracolumbar (2) ( Tables 1 and 2 ). For J/AIS, four were female and one male, age 12.8 years (AE1.6), mean curve 63˚(AE11). For CS, three were female, age range 4.8-7.3 years, curve range 27˚-107˚. For NF, two were female and one male, age range 7.3-10.6 years, curve range 76˚-109˚. In three cases, both convex and concave sides contained measurable physis, two with AIS and one with NF.
For controls, from hundreds of autopsy files, 17 cases were identified from individuals aged 7-18 years. Dates of death spanned a period of 18 years. Five of the 17 contained at least one segment of intervertebral disc, vertebral physis, and vertebral body bone. Of these five, two were female, the mean age was 14.4 years (AE1.5), and diagnoses were diabetes, aneurysm, meningitis, Ewing sarcoma, and lymphoma (Table 3) (Fig. 3F-J) .
For the scoliosis group as a whole, zone height, cell height, and cell width were 152 mm (AE34), 8.5 mm (AE1.1), and 14.9 mm (AE1.5), respectively. Length of measurable physis was 4.9 mm (AE2.1), 90% (AE13) of the total length. Number of zone heights measured per subject was 19 (AE9), number of cells was 112 (AE62). Measured cell density was 152 cells/mm 2 (AE25). By etiologic category, for J/AIS, convex side zone height, cell height and width, were 162 mm (AE45), 9.0 mm (AE1.3) and 14.6 mm (AE0.99), respectively ( heights were 182 and 133 mm, cell heights were 10.1 and 8.3 mm, and cell widths were 14.8 and 13.8 mm. For both AIS patients, paired convex side values were greater than concave side values for each variable (Tables 1, S1 , and S2). For the NF sample on convex and concave sides, zone heights were 117 and 108 mm, cell heights were 7.0 and 9.2 mm, and cell widths were 16.0 and 15.6 mm (Tables 2 and S9) . On concave sides, the length of physis measured was 5.9 mm (AE4.4), 93% (AE11) of the total physeal length (n ¼ 3). Numbers of zone heights and cells measured were 26 (AE14) and 143 (AE134), and measured cell density was 190 cells/mm 2 (AE60.8). (Fig. 4B) . Length of measurable physis was 9.7 mm (AE4.4), 63% (AE22) of the total section length. Number of zone heights per subject was 41 (AE22), number of cells measured was 168 (AE68), measured cell density was 103.9 cells/mm 2 (AE50). Comparing the control group to all scoliosis patients combined, convex side only, mean hypertrophic zone height was 16% lower in scoliosis (p ¼ 0.21). Cell heights in the scoliosis group were 33% lower, highly statistically significant (p < 0.0005) (Fig. 4B) . Within the scoliosis group, no effects of curve magnitude, age, or gender were found in any variable; the highest correlation was for zone height and age (r ¼ 0.52). With respect to the repeatability studies, no difference in main conclusions were found in the first two trials versus the final. In all three trials, cell heights was lower in scoliosis versus controls, and cell widths were not different. However, whether zone height differences were statistically significant differed between the trials.
DISCUSSION
This study determined whether human vertebral physeal hypertrophic zone and cell heights differed between two groups: Severe scoliosis and autopsy controls, with the two groups of similar ages. Results showed a significant group-wise difference between heights of hypertrophic chondrocytes, with possible evidence of lesser differences in hypertrophic zonal height. No significant correlations were found with possibly confounding variables such as curve magnitude and patient age. This work was motivated, in part, by the theory that scoliosis progression in skeletally immature patients is associated with differential vertebral growth on concave versus convex sides, possibly modulated by asymmetrical mechanical loading. The material included predominantly convex-side tissue. Tissues from the concave side, where the growth suppression would be expected to be greater, were also obtained from two idiopathic patients. Results indicated growth suppression on both concave and convex sides at the curve apex, with some evidence of greater suppression on the concave side, but no evidence of growth arrest. The heights of the hypertrophic zone and hypertrophic cells were chosen for this study because increases in chondrocyte volume and changes in cell shape during hypertrophy were reported as among the most significant variables in determining growth rate. 4, 5 Previous studies in rat tibias 5 and porcine spines 12 that used implants that spanned the growth plate and so limited its expansion (epiphysiodesis), and those that used external spring devices that compressed the growth plates of tail vertebrae and proximal tibias in rats, rabbits, and calves, [8] [9] [10] have all shown reductions in hypertrophic zone and cell heights. The implication is that the decreased heights of physeal structures in the scoliosis patients of the present study reflect both increased compression and decreased growth rates relative to controls.
Factors that may affect the size of hypertrophic zone and cells include growth rate as a consequence of skeletal age, as well as gender, etiology, sample location, cutting plane orientation, tissue processing, measurement systems, and definitions of outcome variables. Unfortunately, skeletal age was not available for either group. Cell height measurements were likely more reliable in these human samples than zone height measurements because of the irregularity of the columns or clusters of cells, and the resulting uncertainty in the boundary of the hypertrophic zone. Perhaps surprisingly, variations in physeal parameters between the etiologies underlying scoliosis were low. Qualitatively, the largest differences in physeal organization were noted for sections from NF and MRF patients. The finding that no quantitative differences were observed in the scoliosis group between patients with different etiologies suggests that observed growth plate differences from controls were secondary to the presence of the deformity. Biological differences due to etiology may well affect growth differentially in ways that may not affect these particular histomorphometric parameters. Sample location may also affect the values. In neurofibromatosis, for example, a sample taken directly from a dysmorphic site would likely exhibit greater morphological differences. For congenital scoliosis, bony anomalies presumably affected stresses and strains in surrounding tissues to some extent. However, in these samples, at least, no differences in the main parameters between etiologies were found. The implication is that, regardless of many biological factors that affect growth plate morphology and growth rate, 
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hypertrophic cell height was very sensitive to the presence of the deformity.
Limitations include small sample sizes in both groups. Few studies of human vertebral growth plates exist due to the very limited opportunities to obtain both pathological and control material. Despite a large file of autopsy slides, very few were from subjects in the required age range. Statistical power varied by comparison and measurement. Power was sufficient for cell height differences between scoliosis and controls, likely insufficient for zone height, probably irrelevant for cell width, and definitely insufficient for concave side comparisons. The concave side of the curve was much less accessible to the surgeon than the convex side. Sample sizes were also highly likely insufficient to detect any differences due to age, gender, or curve magnitude. Differences in location may also have affected comparisons, as most control samples were likely lumbar, and most scoliosis samples were thoracic.
The groups were, of necessity, samples of convenience. Controls were both retrospective and not truly normal, as chronic pediatric diseases that led to death in the hospital may be expected to affect growth systemically. Systemic effects were likely present in most of the control cases, but the direction and extent of the effect are unknown. Spinal deformities were relatively severe and later-stage. Whether changes occurred earlier or later in the process is not known. The apex was chosen as the site likely to have the greatest differences from external controls. Internal controls, for example samples taken from a location away from the apex, were not feasible under these surgical conditions.
Technical limitations in measurements were due to the fact that human vertebral growth plates were less regular in structure than those of quadrupeds [8] [9] [10] [11] [12] 18, 29 and much less regular than those from long bones. [3] [4] [5] [6] 9 The routine histological procedures were chosen rather than more recently developed processing and staining procedures in order to allow for comparisons to the autopsy files. Cutting artifact, rather than local lack of hypertrophic zone, was usually the reason that the length of measurable growth plate was less than the overall physis length.
Qualitatively, the current study confirmed previous descriptions of physeal structure. Variations in growth plate morphology include elongated cell columns in fast-growing physes of the long bones such as the femur and tibia, limited column formation in slowgrowing physes and formation of cluster-like groups divided by longitudinal cartilaginous columns in smaller bones such as vertebrae. 29 The scoliotic vertebral growth plates of the present study were in the slow-growing category, with limited column formation and cluster-like groups. 6, 16, 18 Theories of deformity progression have long suggested a connection between asymmetric vertebral growth and mechanical stresses, that is, the Hueter-Volkmann principle or Delpech's law. 30, 31 Volkmann applied the concept to scoliosis specifically. 30 According to this concept, curve progression is driven by a positive feedback loop or vicious cycle 8 in which compression of the concave side increases relative to the convex side, decreasing concave side growth rates. In an early qualitative study in primates of chronic compression, the concave side exhibited little to no decreased zone or cell height compared to convex. 32 More recently, histological and immunohistochemical differences between the convex and concave sides of idiopathic curves were reported. 24, 25 Besides or in addition to the HueterVolkmann principle, other theories of scoliosis progression include a primary axial rotational (torsional) deformity, thoracic hypokyphosis, and overgrowth of the anterior structures of the spine relative to the posterior structures. 33 To help test the latter concept, investigators reported differences between idiopathic and congenital scoliosis in physeal samples taken from the anterior aspect of the vertebral bodies and the posterior aspect of the spinous processes. 26 Each of these theories, separately or in combination, may be expected to alter stress distributions and affect local growth plate morphology and biological function, possibly in different patterns. Scoliosis is known to be a three-dimensional deformity with an axial rotational component and complex load distributions. The findings of the present study were decreased cell heights at the curve apex on both the convex and the concave sides compared to controls, rather than increased convex side cell heights or greater decrease on the concave side compared to convex. This set of observations is more consistent with a predominant loading mode of compression combined with axial torsion than with lateral bending, although each of the loading modes exists.
The likely differences in compressive stress and growth associated with the observed histomorphometric differences in scoliosis versus controls were estimated by comparisons to physeal dimensional changes from three empirical studies in quadrupeds (Fig. 5) : a porcine hemiepiphysiodesis model, 12 a rat tail loading model, 10 and a rat proximal tibia stapling model. 5 Magnitudes of hypertrophic zone height and cell height and width were within similar ranges, as were decreases due to scoliosis or the interventions (Fig. 5) .
A speculative relationship was plotted between growth rate and compressive stress, that is, a quantified Hueter-Volkmann curve, based on previous studies that reported either the stress that stops growth (intercept), or the sensitivity of growth rate to stress (slope) (Fig. 6) . In a study of epiphyseal stapling of the human knee, the intercept was reported as approximately 1 MPa based on measured loads of slightly greater than normal body weight. 34 Slopes of 6-15%/0.1 MPa were reported over a range of growth rates of 50-100%, using cases with the highest correlations between calculated stresses and growth rate in rabbit femurs. 7 In a comparison of three species with applied compressive stresses of 0.1-0.2 MPa, slopes ranged from 9% to In vivo physiological compressive stresses in the porcine spine, for comparison, were approximately 0.1-1 MPa. 35 It may be noted that not all studies are within these ranges. Intercepts of 4 36 and 5.8 MPa 37 have been reported. Much greater stresses were calculated based on a pathological model of a healing spine. 38 However, the in vivo, quantitative, empirical studies, those likely closest to the most normal physiological conditions, indicate a reasonably consistent dose-response curve. Finally, although linear slopes are reported, the entire curve is presumably at least mildly nonlinear. Lower sensitivity of growth to stress at the higher compression range may be expected, for example, due to increasing extracellular matrix stiffness with increasing stress (Fig. 6 , solid line).
Correlations were then combined between cell height, growth rate, and compressive stress using, in particular, the studies on applied stress in rat tails and other species and locations. 9, 10 The approximate range of results for five studies, including the present work, were plotted on the speculative growth ratestress curve (Fig. 6 ). To estimate growth rate, the 33% reduction in cell height of the present study was at least double that of the rat tail study in which a 15% reduction in cell height was associated with a reduction in growth rate of 48%. If the same linear curve is presumed, this suggests that growth rates in the scoliosis patients were reduced by more than 96%. Conservatively, then, the range of growth rates for scoliosis is shown as approximately 50-95% lower ; and rat proximal tibia stapling model at 6 days post-operative. 5 hs, human spine; ps, porcine spine (thoracic); rs, rat spine (tail); rpt, rat proximal tibia. (Left) Zone height: Scoliosis, mean 16% lower than controls. Porcine spine, treated side 27% lower than control level. Rat tail, treated level 13% lower than control. Rat proximal tibia, stapled side 73% lower than contralateral control limb. (Middle) Cell height: Scoliosis, 33% lower than controls. Porcine model, treated side 17% lower than control level. Rat tail, treated level 15% lower than control. Rat proximal tibia, stapled side 45% lower than contralateral control. (Right) Cell width: Scoliosis mean 1% lower than controls. Porcine model, treated side 13% lower than control. Rat tail model, not reported. Rat proximal tibia, treated side mean 9% lower than contralateral.
Ã p < 0.05; ÃÃ p < 0.001; ÃÃÃ p < 0.0005. n/a, not available. Figure 6 . Growth rate (% control) versus compressive stress (MPa), a speculative model of a mildly nonlinear Hueter-Volkmann curve (solid black line), with relationship to present results and selected previously published studies in animal models and humans. Approximate study results are shown shaded in gray, combining relatively consistent studies that analyzed correlations between growth rate and cell height 5 or volume, 3, 6 and compressive stress and cell height [7] [8] [9] along with results of the present study. Compression is shown as positive and tension negative. (a) Slopes of the curve were reported in the growth rate range of about 50% to 100% of normal physiologic in a rabbit model combined with finite element analysis. 7 (b) Compressive stress that stops growth was reported as approximately 1 MPa in a study of knee stapling in human patients with genu valgum. 34 (c) Slopes of the curve were reported in the stress range of AE0.1-0.2 MPa (nominal) in three species, two anatomic locations, and two age categories. [8] [9] [10] (d) Porcine model of spinal hemiepiphysiodesis.
12 (e) Present study on severe scoliosis. SCOLIOSIS VERTEBRAL GROWTH PLATE HISTOMORPHOMETRY than controls. With respect to stress, the cell height reduction in rat tails of 15% was associated with a nominal compressive stress of 0.2 MPa applied for 4 weeks. Greater than twice the cell height reduction, then, may imply that the stresses in scoliosis were at least twice the experimentally applied stress, or >0.4 MPa over control. The range of stresses for the scoliosis patients is therefore shown as approximately 0.4-1.1 MPa. However, the present study cannot rule out different sets of conditions, such as lower stresses applied over longer time periods. The average remaining spine growth in humans is approximately 6-7 cm at a skeletal age of 11-12 years, depending on gender, 39 and the average growth rate in children and adolescents is on the order of 1 mm/physis/day. 9, 40, 41 Therefore, the combined studies imply a growth rate of less than half of normal, or <0.5 mm/physis/day at the apex of the curve in these patients.
In conclusion, hypertrophic chondrocyte heights in the vertebral growth plates of patients with severe scoliosis of heterogeneous etiologies were 33% lower than age-matched autopsy controls without spinal deformity. According to one model of a quantified Hueter-Volkmann principle, supported by several studies yet speculative and imprecise, results indicate that severe scoliosis may be associated with reduced growth rates at the apex of >50% compared to controls, and with an increase in compressive stress on the vertebral physis of >0.4 MPa over control physiological stresses. Understanding growth plate structure and function is fundamental to evaluating biomechanical conditions and progression in scoliosis, and to a more rational basis for translation of growth modulation techniques for skeletally immature patients.
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